Abstract-This article presents the architecture for an optoelectronic oscillator using the properties of an injection locked VeSEL in order to improve the quality and frequency of the generated signals. The main advantage of this configuration is that the VeSEL is injection locked using another VeSEL. The use of this Injection-locked VeSEL-by-VeSEL source reduces the cost, complexity and power consumption of the system.
INTRODUCTION
In recent years RF and optical techniques have been used to enhance signal generation [1 ] . Optoelectronic oscillators (OEOs) are the result of this integration. Some improvements have been done to the original design made by Yao and Maleki [2] in order to increase oscillation frequency, and reduce phase noise and cost [3 ] [4].
In 2008, an optoelectronic oscillator using 1550 nm VCSEL (Vertical Cavity Surface Emitting Laser) was implemented [5] . It was reported a VCSEL polarization current of 6 mA and a phase noise of -95 dBc/Hz at 10 kHz from the carrier, using a 100 m length optical fiber. The oscillation frequency was 2.4 9 GHz.
In 2009, it was reported the application of optical injection locking to VCSELs [6] . Using injection locking VCSELs it is possible to increase the cut-off and resonance frequency of a long wavelength VCSEL [7 ] .
In this article is presented an optoelectronic oscillator proposal using an injection locked VCSEL in order to have higher oscillation frequencies and good quality signals. This design is based on the results reported in [5] and [6] that show the possibility to operate a VCSEL at higher frequencies in injection locked condition than in the free running case. A scheme is presented in Figure 1 . The feasibility of using a 1550 nm single mode vertical cavity surface emitting-laser (VCSEL) in a ring OEO [8 ] [9] has been demonstrated [5] . These results were compared with other optical sources i.e. DFB laser and 85 0 nm multimode VCSEL.
The configuration used is shown in Figure 2 [2 ] . It consists of a VCSEL, a fiber loop that acts as a delay line, a photodetector which performs optical to electrical transformation, a bandpass filter centered at the frequency f o and an amplifier with gain Campti. Some results for a 1550 nm VCSEL based oscillatror are reported in [5 ] . It is important to mention that the phase noise of the signal obtained was -107.57 dBc/Hz at 10 kHz from the carrier for a 1000 m long optical fiber. Table I shows that the best performance VBO IS achIeved by using a 1330 run VCSEL. The phase noise was -120 dBc/Hz at 10 kHz from the carrier and the highest power oscillation frequency was also achieved with a 1330 nm . VBO configuration.
The optical source and the fiber length play an important role in the VBO performance [3 ] . Summarizing, the longer the optical fiber, the better the signal quality due to higher delay in the system which leads to higher system quality factor Q.
The main drawback of the VBO technique is related to the VeSEL cut off frequency. The maximum frequency for direct modulation is in the order of 4 GHz [11] .
III. INJECTION LOCKING OF VeSEL
Injection locking of semiconductor lasers has been described by several authors [12] [13 ] . Development of new semiconductor lasers allows the use of the injection locking technique in different kinds of lasers such as DFBs and VeSELs [7] [11] [14] .
Injection locking of veSELs is described by a set of optical injection locking rate equations [1 5] as follows:
Equation 1 is known as the Photon Number equation. Equation 2 is known as the Phase equation and Equation 3 is the Carrier equation.
In these equations, IJ.w = WML -WSL and 1J.<P(t) = <PML(t) -<PSL(t) , SL corresponds to the slave laser and ML is the Master Laser.The term Go(N -No)/l + E5 incorporates the gain saturation and the gain compression factor E. Rs p is the spontaneous emission rate and Tn is the carrier lifetime [13 ] . F represents the Langevin noise term. 5inj and 5 are the photon injected number and photon number respectively. a is the linewidth enhancement factor. N represents the carrier density inside the laser cavity and Nth is the threshold carrier density. Kc is the coupling efficiency. Where,
In 2008 a 13 00 nm single-mode VeSEL-by-VeSEL optical injection-locking was proposed to enhance microwave performance of VeSELs [14] . The rise of the cut-off frequency allows veSELs to be modulated at higher frequencies than in in the free-running case. Figure 3 presents an experimental setup for injection locking of VeSELs. In this configuration, a 13 00 nm follower VeSEL was optically locked using a 3-port optical circulator. To perform the setup described in Figure 3 , a VeSEL with a free-running intrinsic cut-off frequency of 4 GHz was used [14] . In order to determine the cut-off frequency, a small signal frequency response model was used, this model is described by literature [17 ] . This response model is based in the VeSEL transfer function and measured using 521 parameters. The setup is described by Bacou [6] .
Reported results [14] are presented in Figure 4 . It can be conclude that it is possible to increase the follower veSEL cut-off frequency by applying optical injection locking. Results as seen in Figure 4 show that 133 0 nm veSELs have good response when injection locking is applied. Cut-off frequency can be increased up to 9 GHz, this makes possible to modulate them at higher frequencies than in the free-running case. Cut-off frequency increase is directly related to the optical injection power: the more power optically injected, the higher the cut-off frequency increase.
RIN improvement under optical injection-locking has been demonstrated by different research groups [7] [ 1 9] . The comparison between free-running and injection-locked spectra of a 1. 55 �m RayCan VeSEL is presented in Figure 5 .
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IV. INJECTION LOCKED veSEL BASED OSCILLATOR ILVBO
Previous sections presented the VeSEL Based Oscillator (VBO) and the Injection Locking VeSEL Technique. We propose to take the advantages of both techniques to develop a new device known as Injection Locked VeSEL Based Optoelectronic Oscillator (IL VBO). The proposed architecture is shown in figure 6 .
Some important results have been achieved using optical injection locking with VeSELs in optoelectronic oscillators but using a VeSEL as the slave laser and a DFB as the master slave [2 0]. Low phase noise and high frequency signal has been reported increasing by 20 times intrinsic veSEL cut-off frequency [21] .
Despite all the advantages of the previous optoelectronic oscillators using injection locking VeSEL, it is important to mention that from the best of our knowledge, these developments use a DFB laser as a master laser. This means higher power consumption than VeSELs and higher economic cost. DFB lasers need also, a cooling system in order to keep them tuned at the desired frequency.
Here it is proposed an IL VBO based on a typical injection locking configuration but using a veSEL as a master laser in order to have a less power consumption and reduce economic cost. This configuration must satisfy the open loop condition in order to achieve self-kept oscillation [22] . The open loop transfer function is defined as:
Where S is the photodetector responsivity, P ois the optical power, R P h is the load impedance of the photodetector, ae is the electrical loss, Gam p li is the voltage gain of microwave amplifier and r is the group delay.
Open loop condition is defined as I H oL I = 1 and wr = 2rrk for k = 1,2,3.
This IL VBO architecture has not been implemented yet using VeSELs as master and slave both but a great phase noise reduction as been obtained with a master tunable laser and a veSEL follower. As shown on figure 8, the phase noise reaches the phase noise floor of the spectrum analyser (-13 5dBclHz @ 10 kHz from the carrier) under injection locking, while the value is of -88dBc/Hz @ 10 kHz without injection locking. 
V.

CONCLUSIONS
This article presents an Injection-Locked VeSEL-Based Oscillator proposal. This IL VBO looks forward to integrate VeSEL based oscillator technique and Injection-Locking technique in order to achieve higher oscillation frequency than the VBO technique.
This proposal has many challenges due to the novelty of integrating both techniques. It is necessary to define the VeSEL locking conditions to assure stability, generated signal quality and frequency enhancement.
